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Proton Chemical Shifts in Polycrystalline Solids Determined by Off-
Resonance Decoupling *C CP-MAS NMR
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A "3C CP-MAS method is described which uses off-resonance decoupling in order to
correlate directly bonded *C-'H pairs in the solid state. An analysis of the experimental
results gives 'H chemical shifis by inspection while at the same time separating various
'H resonances via the paired '*C resonance. An example is shown using p-diethoxy-
benzene.

INTRODUCTION

In liquid-state NMR a commonly used method for determining which proton and
carbon-13 resonances correspond to directly bonded >)C-'H pairs is the double-
resonance experiments (I, 2). One can selectively irradiate the proton resonance at
the position of the various proton multiplets with a rather weak, coherent rf field
and observe which !3C multiplet coalesces. Another method is to irradiate the proton
resonance with a strong, coherent rf field that is off resonance; the reduction of the
13C multiplet splitting is then related to the difference in frequency between the proton
transmitter and the proton resonance and to the strength of the proton rf field (2).
More sophisticated liquid-state methods utilize two-dimensional Fourier transfor-
mation to correlate proton and carbon-13 chemical shifts (3-6). Several workers have
attempted to apply two-dimensional heteronuclear shift correlation spectroscopy in
correlating proton and carbon-13 chemical shifts in polycrystalline solids, but ex-
perimental problems appear to be severe. Recently, Caravatti, Bodenhausen, and
Ernst (7) have succeeded in recording a heteronuclear chemical shift correlation spec-
trum of a nonspinning, single crystal in two cases. In this paper we demonstrate that
methods relying on the same idea as the liquid-state coherent off-resonance decou-
pling can be used straightforwardly in solid-state NMR, and that they allow an ac-
curate determination of the proton chemical shifts. Technically, these experiments
are much simpler to perform than the heteronuclear two-dimensional shift correlation
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experiment (7), although, if the state-of-the-art instrumentation of solid-state NMR
is improved significantly the two-dimensional experiment would be superior.

THEORY
Off-Resonance Decoupling

Details about the theory of off-resonance decoupling in solids have been discussed
by Mehring (8) and in a more pictorial way by VanderHart et al. (9). Coherent
irradiation of the proton resonances as commonly used for proton decoupling of '*C
spectra in solids appears to be rather different from coherent decoupling in liquid-
state NMR spectroscopy, mainly because of the rapid proton spin diffusion in solids.
This spin diffusion can be viewed as a kind of noise modulation of the coherent
decoupling, making the decoupling process very effective over a wide range of proton
chemical shifts. In addition, VanderHart e al. point out that the magic-angle spinning
can also improve the decoupling process in the case where proton spin diffusion rates
are of the order of the magic-angle spinning frequency or slower (9).

Mehring (8) has shown that for the case of off-resonance decoupling in solids the
line broadening of the !*C resonance at half-height, Av (in Hz) for small deviations
from resonance is given by

Av = 7 2 (Avg M Br4. 1

In this equation vy is the proton rf field strength (in Hz), Avy is the frequency offset
from proton resonance, M is the '*C second moment due to dipolar interactions
with protons, and 74 is the dipolar fluctuation time appropriate to the ADRF cross-
polarization experiment (8). It follows immediately from Eq. [1] that there is a linear
relationship between the effect of off-resonance decoupling and the inverse square of
the proton rf field strength, i.e., the lower the proton rf power, the more suitable for
off-resonance decoupling experiments. However, as shown previously (8, 9), even
when the protons are irradiated exactly on resonance there appears to be a minimum
rf field strength required to avoid broadening due to insufficient decoupling power
(IDP). As it is the extra broadening due to off-resonance proton irradiation (ORPI)
that is the center of our interest, the IDP broadening should be kept low. For typical
organic solids the minimum rf field strength is usually somewhere between 6 and 10
gauss, i.e., vy =~ 24 10 40 kHz. Further it is assumed that all residual broadening due
to ORPI originates from the dipolar interaction between the '3C and the proton(s)
directly coupled to it, since all more distant protons exert much smaller dipolar
interactions. From Eq. [1] it is clear that the higher the strength of the static magnetic
field, the more accurate a determination of the proton shifts in ppm is possible using
the ORPI technique.

A straightforward execution of a CP-MAS experiment with the proton power level
set as low as possible (but still avoiding IDP), executed for a series of proton decoupling
frequencies, gives a pseudo-two-dimensional spectrum with proton linewidths of the
order of 3 kHz. Cross sections in the proton dimension show approximately Lor-
entzian shapes and the peak positions can be determined by using a Lorentzian curve-
fitting routine, giving a reproducibility in the measured proton resonance frequency
of about +0.5 ppm.
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Refocused Off-Resonance Decoupling

A significant enhancement in resolution in the proton frequency dimension can
be obtained by using the sequence sketched in Fig. 1. The experiment starts out with
a conventional Hartmann-Hahn cross-polarization, followed by a delay time, 7,
which has a length corresponding to an even integer number of spinner revolutions.
A 7 pulse is applied in the center of this period, refocusing the effect of inhomogeneous
broadening, e.g., due to a dispersion in chemical shifts or simply static magnetic field
inhomogeneity. It is important that the « pulse is applied at an integer number of
spinner revolutions after the end of the cross-polarization period, since otherwise
distortions in the spectrum will occur due to nonrefocused chemical shift anisotropy
(10). The period, 7, is followed by an acquisition period with conventional high-
power proton decoupling; if the spectrometer control permits, the 'H decoupling
irradiation during data acquisition should be close to the center of the proton spec-
trum. The initial amplitude of the detected signal depends on the decay due to
transverse relaxation, IDP, and ORPI during the period, T. The setting of the de-
coupling power during this period is apparently a compromise between minimizing
the effect of IDP and maximizing the effect of ORPI (Eq. [1]). An optimum is most
conveniently found experimentally. If one assumes for the sake of convenience that
the broadening due to off-resonance irradiation is Lorentzian, the intensity of a res-
onance detected in this experiment follows directly from Eq. [1]:

I = Iy exp(—TwAv) exp(—T/T3), 2]

where I, is the intensity observed in a conventional cross-polarization experiment
and Av is the broadening due to ORPI given in Eq. [1]. The T, value describes the
effects of transverse relaxation and IDP. In comparison to a conventional CP ex-
periment with ORPI, the main advantage of the scheme of Fig. 1 is that the line-
broadening effects of ORPI are not obscured by inhomogeneous line-broadening
mechanisms that could be manifested in the conventional experiment (9).

EXPERIMENTAL

The p-diethyoxybenzene was obtained from Chemical Services and used without
further purification. The *C experiments were carried out at 50.3 MHz on a modified
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FIG. 1. The refocused off-resonance decoupling sequence is shown for the decoupling (‘H) and observe
(**C) frequencies. After the Hartmann-Hahn cross-polarization, the decoupler power is increased in order
to prevent cross-polarization during the observe refocusing pulse.
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Nicolet NT-200 spectrometer equipped with an 1180 data system. A Kel-F bullet
type spinner, spinning at 1680 + 2 Hz, was used. The experimental scheme sketched
in Fig. 1 was employed using rf field strengths of 8.3 and 33 gauss for proton and
carbon-13, respectively, during cross-polarization. During the delay period, T, and
the acquisition period the decoupling field strength was increased to approximately
9.5 gauss, providing a mismatch for the Hartmann-Hahn condition during the ap-
plication of the '*C 7 pulse. The value of T employed was 23.4 msec and the delay
time between experiments was optimized at 7 sec. Identical decoupler frequencies
were used during the delay time 7" and during the acquisition period. The decoupler
frequency was incremented in steps of 1.25 ppm and 31 different decoupling fre-
quencies were used. The number of acquisitions for each decoupler setting was 200,
giving a total measuring time of approximately 12 hours.

RESULTS AND DISCUSSION

Figure 2a shows the spectra obtained for the different decoupling frequency settings
as a stacked trace plot in a two-dimensional way. (One should realize that this is not
a 2D spectrum in the sense defined by Ernst and co-workers (11), involving Fourier
transformations in two time domains.) In the '*C dimension a large number of
spinning sidebands occur for the aromatic carbons, due to the fact that the spinning
speed is relatively slow compared to the width of the chemical shift anisotropy pattern.
Figure 2b shows a contour plot from sections of Fig. 2a taken at the isotropic shift
frequencies of the various >C nuclei. Several interesting features can immediately be
seen from this spectrum. First, the solid-state carbon spectrum is more complex than
the liquid-state spectrum, showing nondegeneracies for the protonated aromatic car-
bons as well as methylene carbons, with splittings of 4.9 and 1.2 ppm, respectively.
This type of behavior has been reported previously for the aromatic carbons of p-
dimethyoxybenzene and has been attributed to a frozen conformation with respect
to rotation about the bond between the oxygen and aromatic carbon atoms (12, 13).
The corresponding proton frequency cross sections also show a similar splitting pat-
tern. The nondegeneracies present in both the carbon-13 and proton spectra of Fig.
2 can be understood by examining the X-ray-determined crystal structure of this
compound (74), which clearly shows the asymmetric environment of the p-dieth-
oxybenzene molecule, even though the ethoxy groups adopt a trans conformation in
the crystal. This asymmetric environment can cause the nondegeneracies through
both intramolecular and intermolecular magnetic shielding effects in the crystal. Sec-
ond, in the proton dimension the width of the methyl and quaternary resonances is
much larger than the width of the methylene and aromatic resonances. This is due
to a much smaller value for M g}, for the latter two resonances. The second moment
of the methyl group is significantly reduced due to its rapid rotation (8).

For an accurate determination of the proton resonance frequencies one can con-
veniently take cross sections through the spectrum of Fig. 2a parallel to the proton
axis at the various carbon-13 resonance frequencies. A set of these cross sections is
shown in Fig. 3. The computer-fitted chemical shifts and linewidths obtained from
these and other cross sections are given in Table 1, together with the proton shifts
measured in solution. As expected, the cross section at the sites of the quaternary
carbon appears to have a blunt maximum at a proton frequency that is some weighted
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FIG. 2. The results of the refocused off-resonance decoupling experiment for p-diethoxybenzene. For
details of the conditions, see under Experimental. (a) A stacked plot. (b) A contour plot of the spectrum
of Fig. 2a is shown for the centerband (isotropic peak) of each carbon resonance.

average of the various proton resonance frequencies. The methylene '*C nucleus has
the largest second moment and, hence, according to Egs. [1] and [2] displays the
narrowest linewidth. The minimum decoupling power used during the delay time,
T, is also determined by the methylene site. Higher proton resolution for the other
sites can be obtained by lowering the decoupling power; but one then completely
loses the resonance from the methylene site. The value chosen for 7, together with
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F1G. 3. Proton frequency cross sections for five different carbon chemical shifts. Cross sections A through
E correspond to '*C chemical shifts of 16.1, 64.4, 112.9, 117.8, and 154.2 ppm, respectively.

the proton rf power, determines the resolution in the proton dimension. It appears
that one can get linewidths in the 'H dimension as narrow as 800 Hz without a large
sensitivity loss, but usually optimum conditions for the different sites in the molecule
are different. In the work reported here the reproducibility of proton resonance fre-
quencies was found to be about 0.2 ppm.

In conclusion it can be stated that the off-resonance decoupling method provides
a simple way to determine proton resonance frequencies in solids with reasonable
accuracy. The sensitivity and resolution are much lower than what can be obtained
with the direct proton observation in combination with multipulse line narrowing
(15-18), but as the various proton resonances are separated via '>C chemical shifts,
no overlap problems occur, apart from the case where magnetically different protons
are attached to the same carbon nucleus. Care should be taken in interpreting the
proton chemical shifts measured for rapidly rotating methyl groups, as for such car-

TABLE 1

13C AND "H SPECTRAL DATA FOR p-DIETHOXYBENZENE

Site 13C s(solidy* 'H »,p(solid)® H a(solid)? H s(liquidy*
CH, 16.1 1.3 30 1.35
CH, 632 42 3.5
CH, 64.4 4l a1 3.90
Ortho 112.9 6.5 6.3
Ortho 117.8 7.1 7.1 6.70
Substituted 154.2 193 50 -

4 Chemical shifts (8) and linewidths (v,,,) are given in ppm.
® From “The Standard Spectra,” Sadtler Research Laboratories, Philadelphia, PA.
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bons the contribution to the dipolar second moment from more remote protons can
be significant and, hence, the optimum decoupling frequency for the methyl groups
is also determined by these protons; this may cause a systematic error in the measured
methyl proton chemical shift. In principle the resolution in the proton dimension
can be enhanced further by reducing proton spin diffusion while at the same time
decoupling the protons from the carbon-13.
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